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GSTAbstract Aﬂatoxin is a common contaminant of foods, particularly in the staple diets of many
developing countries. To evaluate adverse effects of aﬂatoxin B1 (AFB1) toxicity on health status
in the Nile tilapia Oreochromis niloticus, ﬁsh were fed diet contaminated with either 20 or 100 ppb
AFB1 for 6 or 12 weeks. Growth indices, survival rate and hepatosomatic index (HSI) were
assessed. Blood samples were collected for hematological proﬁles (e.g. RBCs and WBC count,
Hb content). Liver enzyme activity; aspartate aminotransferase (AST), alanine aminotransferase
(ALT) as well as alkaline phosphatase (ALP), were evaluated and toxin residues in the liver and
musculature were detected. Liver histopathological investigations were carried out, whereas antiox-
idant glutathione peroxidase (GPx) and glutathione S-transferase (GST) gene expression were
determined in this tissue by semi-quantitative RT-PCR. Furthermore, to test the ﬁsh immune sta-
tus, challenge against Aeromonas hydrophila was conducted. Results indicated that 100 ppb AFB1
negatively impacted O. niloticus weight gain, feed efﬁciency, hematological proﬁles, HSI as well as
liver histopathology, while increase in AST, ALT, ALP liver enzymes activity was evidenced.
Further, the expression of liver GPx and GST down-regulated and AFB1 residues were always
detected in the liver and only in the musculature in ﬁsh fed 100 ppb AFB1 for 12 weeks. The ability
of ﬁsh to withstand A. hydrophila infection was remarkably lowered. Overall, the results herein
demonstrate the toxic effects of AFB1 in O. niloticus. The observed alterations in ﬁsh status, espe-
cially in the liver coincide well with the expected oxidative stress resulting from the AFB1 toxicity.
ª 2015 The Egyptian German Society for Zoology. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Aquaculture has sustained a global growth that continues to
grow, and is expected to increasingly ﬁll the shortfall in aquaticfood products resulting from static or declining capture
ﬁsheries and population increase well into the year 2025
(De Silva, 2001). By 2030, aquaculture will provide close to
two thirds of global food ﬁsh consumption as catches from
wild capture ﬁsheries level off and demand from an emerging
global middle class substantially increases (The World Bank,
2014). Tilapia, once mooted as the ‘‘aquatic chicken’’ of the
1980s and the ‘‘poor man’s ﬁsh’’ (Smith and Pullin, 1984),
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worldwide. It has been considered as the most important aqua-
culture species of the 21st century (Fitzsimmons, 2013). In
Egypt, the Nile tilapia (Oreochromis niloticus) is one of the
most commonly raised farmed ﬁsh. It represents a reliable
model for mycotoxicosis, since this ﬁsh is extremely vulnerable
to toxic insult from various chemicals and poisons (Kenawy
et al., 2009).
Aﬂatoxins are toxic by-products of mold growth on certain
agricultural commodities, which represent a health concern for
populations that cannot properly store these commodities to
limit mold growth or who have limited access to a wide variety
of other foods (Roebuck, 2004). Factors that increase the pro-
duction of aﬂatoxins in feeds include environmental tempera-
tures above 27 C (80 F), humidity levels greater than 62%,
and moisture levels in the feed above 14%. Contamination
with aﬂatoxin is a common problem of aquaculture worldwide,
causing disease with high mortality and a gradual decline of
reared ﬁsh stock quality, especially in developing countries,
as incorporation of plant-based ingredients into ﬁsh feed
increases the risk of exposure (Santacroce et al., 2008; Selim
et al., 2013; Zychowski et al., 2013). Among four major types
of aﬂatoxins produced by Aspergillus ﬂavus and Aspergillus
parasiticus (Kurtzman et al., 1987; Kosalec and Pepeljnjak,
2005); B1, B2, G1, and G2, aﬂatoxin B1 (AFB1) is the most
toxic to humans as well as animals including nonhuman pri-
mates, birds, ﬁsh and rodents (Yu, 2012). It exerts mutagenic,
carcinogenic, teratogenic and cytotoxic actions (Bbosa et al.,
2013).
Aﬂatoxin toxicity may ensue through the generation of
intracellular reactive oxygen species (ROS) like superoxide
anion, hydroxyl radical and hydrogen peroxide during the
metabolic processing of AFB1 by cytochrome P450. High
concentrations of ROSs lead to oxidative stress which can
cause cellular damage (Halliwell and Gutteridge, 1999).
This stress can be counteracted by enzymatic and non-
enzymatic antioxidant systems. Among enzymatic systems,
glutathione S-transferase (GST) and glutathione peroxidase
(GPx) constitute essential components of cellular detoxiﬁca-
tion systems that defend cells against ROSs (Ren et al.,
2009), hence play a major protective mechanism against
oxidative stress (Almar et al., 1998). Both GST and GPx
mRNA expressions have been used as biomarkers of expo-
sure to environmental pollution/toxicity, as the mRNA levels
represent a snapshot of the cell activity at a given time; and
in many instances, single gene mRNA expressions can be
useful biomarkers of stress in organisms (Fisher et al.,
2006; Espinoza et al., 2012; Rios et al., 2014; Zheng et al.,
2014). Furthermore, AFB1 chronic exposure may result in
malnutrition, poor growth, suppressed immune response,
physiological disorders as well as histological changes
(Allameh et al., 2005; Lewis et al., 2005; Selim et al., 2013;
Zychowski et al., 2013).
Because AFB1 damaging effects are largely species and
dose-speciﬁc (Jiang et al., 2005; Zychowski et al., 2013), the
current study was undertaken to investigate the effects of aﬂa-
toxin contamination in feeds on growth indices, blood compo-
nents, immune function, liver histopathology as well as gene
expression of GST and GPx oxidative stress biomarkers in
O. niloticus. Furthermore, the AFB1 residues in the ﬁsh liver
and muscle were also examined.Materials and methods
AFB1 production and determination
AFB1 was produced through pellet fermentation using
A. parasiticus NRRL 2999 according to the method described
by Abdelhamid and Mahmoud (1996). The quantitative deter-
mination of AFB1 in ration and in ﬁsh tissues (liver and mus-
culature) was performed by quantitative thin layer
chromatography (TLC) according to the method of Eppley
(1968).
Experimental ﬁsh and procedure
A total number of 98 apparently healthy O. niloticus were
obtained from private ﬁsh farms at El-Riad, Kafr El-Sheikh
Governorate; weighing 35 ± 0.50 g. Fish were acclimated to
laboratory conditions in ﬁberglass tanks containing dechlori-
nated tap water (24 ± 2 C and pH 7.2–8.2) for 15 days.
Each tank was continuously supplied with compressed air
from an electric compressor. Dechlorinated tap water was used
to change one third of the water in each aquarium every day to
avoid metabolite accumulations (static system). Feeding was
done once daily using a basal diet (30% protein ration) at
3% of the ﬁsh body weight. Following acclimation, ﬁsh were
randomly distributed into glass aquarium (50 · 40 · 40 cm)
containing about 60 L of dechlorinated water and conditions
were maintained as above. The ﬁsh were randomly divided
into two groups, 49 ﬁsh each. As AFB1 cannot be eliminated
completely from animal feed or human food supply
(Abdelhamid et al., 1999; Roebuck, 2004), group 1 was fed
basal diet contaminated with 20 ppb (lg/kg) AFB1 that
mimics the safe level of toxin exposure (Lovell, 1992, 2001).
This level, served as a control, agrees with that allowed to be
used for feeding dairy and immature animals, including ﬁsh,
by the national feed legislation in the USA (Lovell, 1992,
2001) and with the assigned permissible level by FAO (2004);
which ranged from 0 to 50 ppb with an average of 20 ppb.
Meanwhile, group 2 was fed the basal diet contaminated with
a higher AFB1 concentration (100 ppb), which corresponds to
the lowest common contamination level existing in animal feed
in developing countries (Unnevehr and Grace, 2013). Each
group was subsequently subdivided into 2 subgroups, the ﬁrst
(comprising 18 ﬁsh) lasts for 6 weeks and the second (with 31
ﬁsh) lasts for 12 weeks of exposure.
Challenge infection test
Investigation concerning the challenge infection test was per-
formed to study the cumulative impact of AFB1. By the end
of the AFB1 exposure duration (12 weeks), 10 ﬁsh from each
group were injected intraperitoneally (IP) with the pathogenic
Aeromonas hydrophila (0.3 ml of 108 CFU/ml) according to
Schaperclaus et al. (1992). The bacterial strain was kindly
obtained from the Fish Diseases Department, Animal Health
Research Institute, Kafr El-Sheikh Branch. Further, pure sal-
ine solution (0.65%) was injected in a similar fashion, in 3 ﬁsh
from each of the AFB1 groups, for negative control injection
(Boijink et al., 2001). The injected ﬁsh were kept under obser-
vation for 14 days to record the mortality rate as follows:
50 M.E. Mahfouz, A.H. SherifMortality rate %= no. of death in speciﬁc period/ total
population during that period · 100.
Growth indices
Growth calculations and survival rate were estimated
following either the 1st 6 weeks or the 2nd 6 weeks (12 weeks
collectively) of exposure to AFB1. All calculations were
performed for each ﬁsh individually. Growth indices were
assessed in terms of total weight gain (TWG), average
daily gain (ADG), relative growth rate (RGR), feed conver-
sion ratio (FCR) and survival rate (SR) according to the
following:
TWG= ﬁnal body weight (g)  initial body weight (g)
(Castell and Tiews, 1980).
ADG= ﬁnal body weight (g)  initial body weight
(g)/number of days in the feeding experimental
period (Castell and Tiews, 1980).
RGR %= 100 · (ﬁnal weight  initial weight)/initial
weight.
FCR= dry feed fed (g)/[ﬁnal body mass (g)  initial body
mass (g)] (Tacon, 1987).
SR %= Final ﬁsh number/initial ﬁsh number · 100.
Hematological and biochemical analyses
Investigations regarding hematological and biochemical
parameters were performed to study the cumulative impact
of AFB1. After animals were anesthetized with benzocaine
(3%), blood was drawn by caudal puncture, after 6 and
12 weeks, into heparinized tubes for plasma analyses. Blood
specimens were assayed for: number of red blood cells
(RBCs) and white blood cells (WBCs) by hemocytometer
(Neubauer improved, Precicolor HBG, Germany) (Stoskoph,
1993); hematocrit or packed cell volume (PCV) by the micro-
hematocrit technique; and hemoglobin level (Hb) by the
cyanomethemoglobin method (Drabkin, 1964). For WBC dif-
ferential count, blood ﬁlms were prepared according to the
method described by Lucky (1977). The following RBC indices
were calculated: mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular
hemoglobin concentration (MCHC) according to Dacie and
Lewis (1975) as follows:
MCV= (PCV/RBCs) · 10 as m/mm3.
MCH= (Hb content g/100 ml/RBCs) · 10 as m/mm3.
MCHC= (Hb content g/100 ml/PCV) · 100 as%.
Other blood samples for serum separation were collected
without the addition of anticoagulants and then centrifuged
at 3500 rpm for 10 min. The activity of liver enzyme aspar-
tate aminotransferase (AST) and alanine aminotransferase
(ALT) were determined colorimetrically according to
Reitman and Frankel (1957), while alkaline phosphatase
(ALP) was measured according to Rec (1972) using kits
reagents supplied by Diamond Diagnostic Co. (Holliston,
USA).Liver examinations
On the completion of the experimental period, the ﬁsh were
weighed individually, then sacriﬁced between 8:00 and
10:00 h to avoid any possible rhythmic variations in the
antioxidant level (Ravinayagam et al., 2012). The ﬁsh were dis-
sected according to the method described by Amlacher (1970),
the abdominal wall was then removed and internal organs
were investigated. For hepatosomatic index (HSI) determina-
tion, the liver was collected, weighed and the index was calcu-
lated according to Htun-Han (1978) as liver weight
(g) · 100 · total body weight (g)1. For histopathological
examination, the liver was collected and ﬁxed in 10% buffered
formalin. After alcohol dehydration and xylol clearing, speci-
mens were embedded in parafﬁn, cut on 4 lm sections and
stained with hematoxylin–eosin for a microscopic examination
according to Bancroft et al. (1999). For molecular analysis,
liver portions (100 lg) were immediately removed, fast frozen
under liquid nitrogen and stored at 80 C for later RNA
extraction.
Molecular analysis of GPx and GST
RNA isolation and puriﬁcation
Total RNA was extracted from 100 lg of liver tissue by the
standard TRIzol extraction method (Invitrogen, Paisley,
UK) and recovered in 100 ll of diethyl pyrocarbonate
(DEPC)-treated water. Contaminating DNA was removed
using 2 units of deoxyribonuclease (DNase I, RNase free,
New England Biolabs, UK) for 30 min at 37 C. RNA concen-
trations were measured spectrophotometrically at 260 and
280 nm (average ratio 1.89 ± 0.1). The puriﬁed RNA samples
were preserved at 80 C until used.
Reverse transcription-polymerase chain reaction (RT-PCR)
RNA (1 lg) was reverse transcribed into cDNA in a total vol-
ume of 20 ll using the High Capacity RNA-to-cDNA Kit
(Applied Biosystems, Carlsbad, CA, USA). The resulting
cDNA was stored at 20 C for later use or directly used as
a template for semi-quantitative PCR.
Oligonucleotides PCR primers for GST were developed
based on the published primers sequences (Cheng et al.,
2012) that were designed using the sequence from GenBank
EU107284, while primers for GPx were designed using the
Primer3 program (accessible at http://www.genome.wi.mit.
edu/cgi-bin/primer/primer3www.cgi) on the base of its nucleo-
tide sequences available on GenBank (GQ853451). Due to its
constitutive expression, b-actin ampliﬁcation (Choi et al.,
2004) was used as the housekeeping gene in semi-quantitative
RT-PCR analysis. Products obtained using 19 cycles of ampli-
ﬁcation were within the linear range of signal ampliﬁcation
and allowed titration of the amount of template to be subse-
quently used in order to obtain consistent amounts of products
between samples. The adjusted cDNA volumes were then used
in the succeeding PCR reactions with gene speciﬁc primers for
GPx and GST. All primers were synthesized commercially by
Metabion International AG (Martinsried/Deutschland). The
speciﬁcity of the ampliﬁcation products was conﬁrmed by size
estimations on a 1.2% (w/v) agarose gel.
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20 ll, containing 1.5 ll cDNA (0.1 lg), 2 ll dNTPs (2.5 mM
each), 2 ll 10· PCR Buffer, 0.5 ll (5u/ll) TaqTM DNA
polymerase (Intron biotechnology, Korea), 1 ll (10 pmoles)
forward primer, 1 ll (10 pmoles) reverse primer and 12 ll ster-
ilized distilled water. The PCR parameters were: 35 cycles at
94 C for 1 min, 58 C (in case of GST and b-actin) or 60 C
(in case of GPx) for 1 min, and 72 C for 1 min, with an
additional initial 2 min denaturation at 94 C and 5 min ﬁnal
extension at 72 C. DNA ampliﬁcations were carried out on
a Techene, TC3000 thermal cycler (UK). Primers sequences,
expected amplicon size and annealing temperatures are listed
in Table 1.
Semi-quantitative analysis of gene expression
Following ampliﬁcation, a 10-ll aliquot of each PCR product
electrophoresed on 1.2% agarose gels containing 0.005%
ethidium bromide at 90 V and DNA bands were visualized
using long wavelength UV illumination and photographed
using a gel documentation system (UV Products, Ltd,
Cambrige, UK). The level of expression of different bands
was densitometry analyzed by an ImageJ gel analysis program
(Abramoff et al., 2004). This relies on comparing the density of
each target gene band with that of the corresponding b-actin
band. Analysis was performed in triplicate, and the means of
three values are presented.Statistical analysis
Data were processed in order to investigate the effect of cumu-
lative impacts of aﬂatoxin on O. niloticus health using factor of
time (weeks). Results are presented as mean ± standard devi-
ation (SD). Graph Pad Prism 5.0 software (Graph Pad
Software, Inc., San Diego, CA, USA) was used for theTable 2 Effects of different AFB1 on growth indices and survival
Groups IW (g) FW (g) TWG (g) ADG (g)/
1 (20 ppb)
1st 6 weeks 35.80 ± 0.5 56.14 ± 0.1* 21.1 ± 0.14* 0.50 ± 0.0
2nd 6 weeks 56.14 ± 0.1 75.9 ± 0.6* 19.70 ± 0.6* 0.47 ± 0.0
2 (100 ppb)
1st 6 weeks 35.90 ± 0.7 51.10 ± 0.4* 16.1 ± 0.4* 0.38 ± 0.0
2nd 6 weeks 51.10 ± 0.4 62.8 ± 0.8* 11.8 ± 1.1 0.28 ± 0.0
Each reading represents mean ± SD of 3 ﬁsh and asterisks indicate sign
total weight gain, FCR feed conversion ratio, ADG average daily gain, R
Table 1 List of all primers used, together with PCR ampliﬁcation
Target Accession no. (GenBank) Sequence (50-30) (S: Sense, A: Ant
GST EU107284 S: CTTCACTCTCAGTTGTAAG
A: TTGAATGTTGGAAGCTGT
GPx GQ853451 S: CTCTGAGGAACGACAACC
A: CGTCAGGACCAACCAGGA
b-actin EU887951 S: TGGCATCACACCTTCTACA
A: TGGCGGGGGTGTTGAAGstatistical analyses in this study. The statistical evaluation of
all data was done using a one-way analysis of variance
(ANOVA) to check the effect(s) of aﬂatoxin. The signiﬁcance
of difference owing to this effect was evaluated using multiple
comparisons Dunnett’s test (compare all versus controls).
P values 60.05 were regarded as statistically signiﬁcant.
Results
Growth indices and survival rate
The results of growth and survival rate of O. niloticus exposed
to either 20 or 100 ppb AFB1 for 6 or 12 weeks (identiﬁed as
2nd 6 weeks) are presented in Table 2. During the course of
experiment, no mortality was observed and the survival rate
was 100% in 20 ppb AFB1 exposure group (group 1) after
6 weeks and all ﬁsh appeared healthy, while the survival rate
was lowered (96%) after 12 weeks. This group showed a signif-
icant (P< 0.05) increase in growth indices as indicated by the
average daily growth (ADG), relative growth rate (RGR), and
total weight gain (TWG). In the second group; ﬁsh were fed
contaminated diet with AFB1 100 ppb, survival rate recorded
96% after 6 or 12 weeks. Furthermore, the ﬁsh suffered from
signiﬁcant decrease in growth indices relative to group 1. For
example, TWG recorded 59% and 35% increase after the 1st
and 2nd 6 weeks of toxin exposure, respectively, in the ﬁsh
fed 20 ppb AFB1, while it veriﬁed 49% and 23% after the
same exposure periods in the ﬁsh fed on the higher AFB1 con-
centration (100 ppb).
Hematological and biochemical analyses
All the examined blood parameters; RBCs, WBCs, PCV, Hb
and MCV, except MCH and MCHC showed a signiﬁcantrate of O. niloticus (mean ± SE).
day Feed intake FCR (g)/day RGR (%) SR (%)
1* 77.27 ± 0.14* 3.66 ± 0.01* 60.4 ± 0.4* 100.0 ± 0.0*
1* 95.6 ± 0.6* 4.85 ± 0.03* 42.6 ± 1.7* 96.7 ± 0.33*
1* 67.21 ± 0.7* 4.17 ± 0.05* 46.0 ± 1.8* 96.7 ± 0.33*
2* 74.6 ± 0.7* 6.40 ± 0.14* 23.1 ± 1.2 96.7 ± 0.33*
iﬁcant change (*P 6 0.05). IW initial weight, FW ﬁnal weight, TWG
GR relative growth rate, SR survival rate.
conditions and amplicon size.
i-sense) Expected
amplicon size
Source Annealing
temperature (C)
C
217 bp Cheng et al. (2012) 58
AGG
AC
376 bp This study 60
ACGA
GTCT
139 bp Choi et al. (2004) 58
52 M.E. Mahfouz, A.H. Sherifdecrease in their values in ﬁsh exposed to a higher AFB1 con-
taminated diet (group 2–100 ppb) in comparison to group 1
(Table 3). In this group, O. niloticus suffered from anemic con-
dition as revealed by a marked decrease in RBC and Hb val-
ues. This pattern was not only concentration dependent, but
it was also time dependent as it appeared that 12 weeks of
exposure in both groups 1 and 2 demonstrated lower blood
parameter values than 6 weeks of exposure. Meanwhile,
WBC differential count (Table 4) showed a non-signiﬁcant
decrease in monocytes as well as esinophils, a signiﬁcant
decrease in lymphocytes and a signiﬁcant increase in neu-
trophils, while no signiﬁcant change in basophils was recorded.
As presented in Table 5, the activity of serum AST, ALT
and ALP liver enzymes signiﬁcantly increased in O. niloticus
exposed to 100 ppb AFB1 (group 2) relative to that exposed
to 20 ppb AFB1 (group 1). Also, these values were signiﬁcantly
increased within each group with extended exposure time;
from 6 to 12 weeks of exposure. On the other hand, HSI
showed a signiﬁcant decrease in its value with high AFB1 in
diet.
AFB1 residues determination in liver and musculature
The results of AFB1 residue determination in the liver and
musculatures of ﬁsh in the treated O. niloticus groups are
shown in Table 6. Toxin residues were detected only in the
liver in ﬁsh exposed to 20 ppb AFB1 (group 1) after 6 andTable 5 Liver enzymes and HSI of O. niloticus fed AFB1 contamin
Group Exposure time (weeks) ALT (U/L)
G1 (20 ppb) 6 w 17.90 ± 0.20*
12 w 19.80 ± 0.17*
G2 (100 ppb) 6 w 22.80 ± 1.30
12 w 24.80 ± 3.10
Each reading represents mean ± SD of 3 ﬁsh and asterisks indicate sign
Table 3 Blood parameters of O. niloticus fed AFB1 contaminated
Group Period RBCs · 106 WBCs · 103 PCV (%)
G1 (20 ppb) 6 w 4.23 ± 0.14* 35.4 ± 0.5* 33.7 ± 1.5*
12 w 4.1 ± 0.1* 34.9 ± 0.8* 31.8 ± 0.6*
G2 (100 ppb) 6 w 3.35 ± 0.2* 33.8 ± 0.2* 25.0 ± 1.3
12 w 3.0 ± 0.1* 32.3 ± 0.8* 22.1 ± 0.85*
Each reading represents mean ± SD of 3 ﬁsh and asterisks indicate sign
Table 4 WBC differential count percentage of O. niloticus fed AFB
Group Exposure time (weeks) Neutrophis (%) Monocy
G1 (20 ppb) 6 w 36.67 ± 1.4* 4.30 ±
12 w 39.67 ± 0.9* 4.00 ±
G2 (100 ppb) 6 w 39.70 ± 1.2* 4.00 ±
12 w 45.70 ± 2.2* 3.70 ±
Each reading represents mean ± SD of 3 ﬁsh and asterisks indicate sign12 weeks. In group 2, ﬁsh exposed to 100 ppb AFB1 showed
an increase in AFB1 residues in the liver after 6 weeks of expo-
sure, which continued to raise to its highest level after
12 weeks. On the other hand, no toxin residues were detected
in ﬁsh musculatures after 6 weeks while after 12 weeks of expo-
sure, AFB1 residues were detected (5 lg/kg).
Challenge test
Both ﬁsh groups, fed 20 and 100 ppb AFB1, were subjected to
bacterial infection with A. hydrophila (Table 7). The ability of
O. niloticus to withstand the pathogen showed a lower efﬁ-
ciency in ﬁsh fed with a higher level of AFB1 (100 ppb) as indi-
cated by a higher mortality rate percentage (100% versus
70%). Meanwhile, no mortality was recorded in the negative
control ﬁsh injected with pure saline solution in any of the
treated groups.
Histopathological examinations
After 6 weeks of exposure to 20 ppb AFB1 in diet, no remark-
able histopathological changes were developed in the liver
(Fig. 1a). Hepatocytes were polygonal in shape, arranged in
several cellular layers and surrounded by sinusoids.
Following 12 weeks of exposure, microscopical examinations
showed irregular arrangements of hepatocytes, mild hepatocel-
lular vacuolation and pyknosis with moderate fatty changes ofated diet.
AST (U/L) ALP (U/L) HSI (%)
74.00 ± 1.00* 23.30 ± 0.60* 2.40 ± 0.06*
82.30 ± 3.80* 24.90 ± 1.30 2.24 ± 0.15
93.70 ± 5.10 26.50 ± 0.70* 2.00 ± 0.08*
94.70 ± 3.20* 27.90 ± 1.90 1.42 ± 0.07*
iﬁcant change (*P 6 0.05). w = week.
diet.
Hb (g/dL) MCV (m/mm3) MCH (m/mm3) MCHC (%)
13.0 ± 0.6* 79.5 ± 0.8* 31.2 ± 0.4* 39.3 ± 0.2*
12.4 ± 0.18* 78.1 ± 0.5* 30.6 ± 0.2* 39.1 ± 0.22*
9.8 ± 0.4* 74.6 ± 0.8* 29.1 ± 0.7* 39.3 ± 0.4*
9.0 ± 0.25* 72.8 ± 0.9* 29.7 ± 0.14* 40.6 ± 0.6*
iﬁcant change (*P 6 0.05). w = week.
1 contaminated diet.
tes (%) Esinophils (%) Basophils (%) Lymphocytes (%)
0.6 5.70 ± 0.6 0.33 ± 0.6 53.00 ± 1.0*
1.0 5.00 ± 1.0 0.33 ± 0.6 51.00 ± 1.0 *
1.0 5.00 ± 2.0 0.33 ± 0.5 51.3 ± 1.2*
0.6 4.50 ± 0.7 0.33 ± 0.6 45.7 ± 3.2
iﬁcant change (*P 6 0.05). w = week.
Table 6 Residues (lg/kg-ppb) of AFB1 in O. niloticus liver and musculature following AFB1 contaminated diet.
Group Expoure time (weeks) Musculature Liver
G1 (20 ppb) 6 w ND 5
12 w ND 8
G2 (100 ppb) 6 w ND 10
12 w 5 15
w = week and ND= not detected.
Table 7 Challenge of O. niloticus fed AFB1 contaminated diet against A. hydrophila.
Group Total no. Survival SR (%) Mortality MR (%)
G1 (20 ppb) 10 3 30 7 70
G2 (100 ppb) 10 0 0 10 100
Control G1 (saline) 3 3 100 0 0
Control G2 (saline) 3 3 100 0 0
G= group, Total no. = total number of O. niloticus, SR = survival rate and MR=mortality rate.
Adverse effects of aﬂatoxin 53hepatocytes. Following exposure to 100 ppb AFB1 for
6 weeks, pronounced fatty changes of hepatocytes were
evident, while after 12 weeks severe vacuolation and loss of
hepatic cellular structure, in addition to pyknosis were
displayed.
Gene expression of GPx and GST
Semi-quantitative RT-PCR method was used to detect the
expression of GPx and GST of O. niloticus that reﬂects the
changes in transcription levels of these genes in the liver after
exposure to 20 or 100 g/kg AFB1. When the viability of the
puriﬁed RNA samples was analyzed via the ampliﬁcation of
b-actin, all samples from control as well as treated ﬁsh
presented detectable quantities of b-actin mRNA (139 bp frag-
ment) showing an acceptable integrity to ampliﬁcation as well
as a successful ﬁrst-strand cDNA preparation. Furthermore,
no ampliﬁcation product could be detected from any of the
negative control specimens, which demonstrated that any con-
taminating DNA did not amplify using the above-mentioned
pairs of primers.
Changes in the transcription levels of O. niloticus GPx, GST
and b-actin genes in the liver following feeding on AFB1 con-
taminated diet are presented in Figs. 2 and 3. In group 1
(20 ppb AFB1), after 6 weeks of exposure, the mRNA expres-
sion of GPx recorded a signiﬁcantly high level of expression
(170%) relative to that of the control b-actin housekeeping
gene. Following 12 weeks, the expression was still up-
regulated but to a lesser extent (140%). On increasing AFB1
diet contamination to 100 ppb (group 2), GPx was signiﬁcantly
down-regulated (70%) after 6 weeks and its expression level
reached its minimum level (50%) after 12 weeks of exposure.
A similar pattern was revealed for the expression of GST.
The gene showed a signiﬁcant high expression level in the
group 1 after 6 and 12 weeks recording 130% and 110%,
respectively. In group 2, GST was signiﬁcantly down-
regulated revealing 40% and 20% following 6 and 12 weeks
of AFB1 exposure in diet, respectively.Discussion
In the present study, two AFB1 concentrations were employed
for O. niloticus diet contamination. Results showed differential
response dependence on the toxin concentration and duration
of exposure. Exposure to AFB1 at 100 ppb for 6 or 12 weeks
has signiﬁcantly reduced growth indices including total weight
gain, average daily gain and relative growth rate but not the
survivability, in comparison to that at 20 ppb. These results
agree with those proving that ingestion of low to moderate
doses of AFB1 over a long period of time caused signiﬁcant
growth depression and produced a reduction in weight gain
and feed efﬁcacy in a concentration-dependent manner
(Tuan et al., 2002; Cagauan et al., 2004; Abdelhamid, 2008;
Selim et al., 2013; Mahfouz, 2015). This was attributed to
expelling the feed from the mouth of ﬁsh after ingestion
(Nguyen et al., 2002) and inhibition of DNA, RNA and pro-
tein synthesis (Abdelhamid, 2008). However, contradicting
results regarding the reduction of survivability of tilapia by
AFB1 have been reported. Although a 200 lg/kg AFB1 in diet,
fed for 10 weeks or 16 weeks, showed 34.34% and 30% mor-
tality rate in Nile tilapia, respectively (Selim et al., 2013;
Mahfouz, 2015), exposure to 53.02-115.34 lg/kg for 120 days
induced 67% mortality (Cagauan et al., 2004). Meanwhile,
lower doses of AFB1 (30 lg/kg or less) did not induce mortal-
ities in the same species (Tuan et al., 2002) or in hybrid tilapia
(O. niloticus · O. aureus) (Deng et al., 2010), while 50-
1000 lg/kg AFB1 displayed no mortality in red tilapia (O.
niloticus · O. mossambicus) (Usanno et al., 2005). Differences
may be attributed to ﬁsh species, experimental conditions or
duration of AFB1 exposure. On the other hand, the results
herein indicated that ﬁsh feed intake and FCR, frequently used
as quality indicators for ﬁsh growth, were signiﬁcantly
decreased and increased, respectively, with elevating AFB1
concentrations, which implies the increase in feed consumption
for weight gain. The negative effect of AFB1 on both param-
eters seems to be correlated to the amount of toxin and dura-
tion of exposure. Similar results were demonstrated for the
54 M.E. Mahfouz, A.H. Sherifeffect of AFB1 in Beluga (Huso huso) (Sepahdari et al., 2010)
and broiler chickens (Manaﬁ et al., 2014).
In the present study, most of the investigated hematological
proﬁles were inﬂuenced by the dose and duration of exposure
to AFB1 contaminated diet. RBC, WBC, PCV, Hb and MCV
levels were signiﬁcantly (P 6 0.05) decreased in the high AFB1
exposed group compared with the other group. Meanwhile,
differential RBC count demonstrated that monocytes, esino-
phils, and lymphocytes were lowered while neutrophils were
signiﬁcantly increased. The decrease in RBCs, PCV% and
Hb% indicated anemia, possibly due to erythropoiesis,
hemosynthesis and osmoregulatory dysfunction that occur
owing to inhibiting the activities of several enzymes involved
in heme biosynthesis (ATSDR, 2005) or due to an increase
in the rate of erythrocyte destruction in hematopoietic organs
(Jenkins and Smith, 2003). Meanwhile, the reduction in WBC
count may be due to the release of epinephrine during stress,
which is capable of causing the contraction of spleen and a
decrease of leucocytes count, which accordingly results in the
weakening of the immune system (Witeska, 2003). This, in
turn, renders the ﬁsh vulnerable to infection. Besides, the
release of neutrophils into the blood is known to occur as a
non-speciﬁc response to a variety of stress stimuli in mammalsFigure 1 Photomicrographs of transverse sections of O. niloticus liver
pancreatic tissue scattered throughout the liver (·100). (A) Apparently
exposed to 20 ppb AFB1 for 12 weeks with mild hepatocytes vacuola
changes of hepatocytes (white arrows). (C) Fish exposed to 100 ppb A
(white arrows). (D) Fish exposed to 100 ppb AFB1 for 12 weeks present
indicating liver degeneration.and ﬁshes (Singh et al., 2008). These changes are similar to
those reported for ﬁsh aﬂatoxicosis in O. niloticus (e.g. Tuan
et al., 2002; Selim et al., 2013), O. aureus (Rizkalla et al.,
1997) and labeo rohita (Mohapatra et al., 2011) as well as other
animals including broilers (Raju and Devegowda, 2000), rab-
bits (Donmez and Keskin, 2009) and Merino rams (Donmez
et al., 2012).
One of the morphological parameters that are often
determined in ﬁeld research is the HSI, to identify the
condition of the liver and potential liver diseases/damage
(de Ben Ameur et al., 2012). It can provide information
on potential pollution impacts. In the present work, the
HSI of ﬁsh exposed to the higher AFB1 concentration
(100 ppb) was found to be signiﬁcantly lower than those
exposed to lower concentration (20 ppb) and the longer the
exposure (12 weeks), the lower the index. This is in agree-
ment with the reported effect of AFB1 in sex reversed red
tilapia (O. niloticus Linn. · O. mossambicus Peters) (Usanno
et al., 2005), hybrid tilapia (Deng et al., 2010) and in the
Red Drum (Sciaenops ocellatus) (Zychowski et al., 2013).
The overall decrease in HSI was attributed to an indication
of hepatic disorder or liver degeneration (Deng et al., 2010;
Zychowski et al., 2013).for ﬁsh fed AFB1, stained with hematoxylin and eosin, P indicates
normal liver of ﬁsh exposed to 20 ppb AFB1 for 6 weeks. (B) Fish
tion (black arrows), pyknosis (arrows heads) and moderate fatty
FB1 for 6 weeks showing pronounced fatty changes of hepatocytes
ing severe vacuolation (white arrows) and pyknosis (black arrows),
Figure 2 GPx, GST and b-actin mRNA expression in O. niloticus fed AFB1 contaminated diet. Electrophoresis of RT-PCR products of
gene mRNA was performed in ethidium bromide-stained agarose gel (1.5%). Shown are amplicons:M, 100-bp marker; 1, ve control; 2,
6 w-20 ppb; 3, 12 w-20 ppb; 4, 6 w-100 ppb; 5, 12 w-100 ppb.
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Figure 3 Levels of GPx and GST-gene expression in relation to
the expression of b-actin. Group 1 and group 2 were exposed to 20
and 100 ppb AFB1, respectively. W denotes to weeks of exposure.
Adverse effects of aﬂatoxin 55Alterations in enzyme activities of ﬁsh resulting from toxi-
cants or contaminant affecting various cells, immune system,
tissues and organs of ﬁsh have been reported (Gabriel and
George, 2005; Ruas et al., 2008). AST and ALT, function as
a link between carbohydrate and protein metabolism; their
activities might be altered by a variety of chemical, biological
and physiological factors or by a disturbance in Kreb’s cycle,while ALP is a membrane bound enzyme and its alteration is
likely to affect the membrane permeability and produce
derangement in the transport of metabolites (Hagerstrand,
1975). Herein, the mean serum AST, ALT and ALP activities
were signiﬁcantly increased following exposure for 6 or
12 weeks to 100 ppb AFB1. An increase of these enzyme activ-
ities in the extracellular ﬂuid or serum is a sensitive indicator of
even minor cellular damage (Palanivelu et al., 2005) in which
cellular enzymes are released from the cells into the blood
serum, which in turn indicates stress-based tissue impairment.
Varior and Philip (2012) reported that AFB1 signiﬁcantly
changed the stability of the lysosomal membrane, leading to
a disorder of hepatocyte permeability and pathological
changes in the liver of O. mossambicus that was conﬁrmed
by high levels of ALT and AST enzymes in the blood.
Similarly, Selim et al. (2013) realized a signiﬁcant increases
in serum ALT and AST, following exposure of O. niloticus
to 200 ppb AFB1 for 6–10 weeks, signifying hepatotoxicity.
Also, Kheir Eldin et al. (2008) veriﬁed that AST, ALT and
ALP were signiﬁcantly increased in the serum of rats adminis-
tered AFB1 (250 lg/kg/day for 2 weeks) indicating the pres-
ence of damaged and dysfunctional liver cells.
Due to human consumption of contaminated food, dietary
contamination of aﬂatoxins poses a big risk to human health in
different regions of the World particularly Asian and African
countries (Wild and Gong, 2010). The present results demon-
strated that concentration of AFB1 residues in the liver
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duration of exposure to the toxin and reached its highest level
after 12 weeks of feeding AFB1 contaminated ration. This
observation suggested that ﬁsh could not develop an efﬁcient
mechanism of metabolizing AFB1 with time progression and
an increase of AFB1 retention has happened. This is in accor-
dance with the ﬁndings of Abdelhamid et al. (2004), Deng et al.
(2010) and Selim et al. (2013). On the other hand, AFB1 resi-
dues in ﬁsh edible tissue (musculature) were not detected
except after 12 weeks in the high toxin dietary concentration,
although its level (5 ppb) was lower than that observed in
the liver tissue, which was below the AFB1 safe/permissible
level for human consumption (Radhika, 2006; Raghavan
et al., 2011). A lower muscle AFB1 residual level in compar-
ison with the liver was also reported by Begum et al. (2001),
Bintvihok et al. (2002) and Kenawy et al. (2009).
Histopathological changes have been widely used as
biomarkers in the evaluation of the health of ﬁsh exposed to
pollutants/contaminants, both in the laboratory (Thophon
et al., 2003) and ﬁeld studies (Teh et al., 1997). Mycotoxins,
including AFB1, exhibit a variety of toxic effects in animals,
primarily in the kidney and liver (Kovacs, 2004); the latter is
the major detoxifying organ directly receiving the materials
from the intestine. In the current work, several histopatholog-
ical alterations were observed in O. niloticus liver, which were
dose and time dependent; most of which were more pro-
nounced in ﬁsh fed 100 ppb AFB1 for 12 weeks. The liver
showed extensive vacuolation corresponding to relatively
higher lipid contents and signs of degeneration. These observa-
tions are comparable with previous reports (Cagauan et al.,
2004; Lewis et al., 2005; Kenawy et al., 2009). Also, hepatocel-
lular lipid deposition is a well-documented classical sign of
aﬂatoxicosis in ﬁsh (Zychowski et al., 2013).
A previous study has suggested that AFB1 studies should
pair liver histological evaluation with molecular markers to
conﬁrm liver damage (Zychowski et al., 2013). Intake of
AFB1 diet was hypothesized to result in changes in liver gene
expression, which represent characteristic pathophysiology
that associated with aﬂatoxicosis (Yarru et al., 2009).
Pollutants, including AFB1, exert their toxic effect by generat-
ing ROS, causing oxidative stress, leading eventually to many
chronic diseases as well as cancer (Kotan et al., 2011) due to
cytotoxicity, DNA damage, impairment of protein function
and peroxidation of lipids (Hayes and McLellan, 1999).
Oxidative stress occurs when the rate of ROS generation
exceeds the antioxidant defense system (de Ben Ameur et al.,
2012). GPx, an essential component of the cellular detoxiﬁca-
tion system, protects the cell and hypersensitive molecules
from the attack of free oxygen radical (Choi et al., 2008; Li
et al., 2008), while GST, the most important antioxidant
enzyme in the detoxiﬁcation system, belongs to a ubiquitous
class of enzymes, which catalyze the conjugation of the tripep-
tide glutathione to electrophilic compounds thus favoring their
excretion (Choi et al., 2008). Through the action of GST, the
metabolites of AFB1 are mainly conjugated with glutathione
hormone before being excreted (Bernabucci et al., 2011). In
the present study, the expression of both GPx and GST antiox-
idant genes was remarkably down-regulated in the liver of ﬁsh
fed high AFB1 (100 ppb) compared with controls. This reduc-
tion, possibly the result of liver damage, could hamper the
ﬁsh’s ability to protect itself from oxidative damage. A similar
ﬁnding was demonstrated in birds subjected to AFB1, whichcontributed to the toxicological and pathological effects of
the toxin (Yarru et al., 2009). Consistent with our results, sev-
eral reports have demonstrated that the toxic effects of AFB1
involved decreased antioxidant capacity (Tu¨rkez et al., 2011),
for example, AFB1 signiﬁcantly decreased the activities of
antioxidase, including GPx, in the broiler spleen (Wang
et al., 2013), in rat liver, and kidney (Ravinayagam et al.,
2012; Sivanesan and Hazeena Begum, 2014) and in laying
hen’s liver (Ma et al., 2012).
The ability of O. niloticus to withstand pathogen infection
showed a lower efﬁciency in ﬁsh fed with a higher level of
AFB1 (100 ppb) as indicated by a higher mortality rate per-
centage (100% versus 70%). The lowering of the ﬁsh ability
to withstand A. hydrophila infection coincides with the low
WBC count and down-regulation of GPx and GST.
Consistent with our results, previous reports have suggested
that aﬂatoxin at dietary concentrations of 1 mg/kg or more
causes a signiﬁcant reduction in the immune response of broil-
ers and chicks (Shivachandra et al., 2003; Verma et al., 2004).
These results indicate an immunosuppressive effect of aﬂatoxin
on both humoral and cell-mediated immune responses that
lead to increasing the susceptibility to secondary bacterial
and viral infections, which could cause detrimental effects
and even lead to death (Yarru et al., 2009).
In conclusion, this work provides an insight into a wide
rage plateau about the internal environment of O. niloticus fol-
lowing exposure to the elevated AFB1 concentration. The
impairment in ﬁsh health was evidenced by reduced growth
indices, hematological proﬁles and ﬁsh immune status. Liver
histopathological alterations, beside HSI decrement and liver
enzymes activity elevation are speculated to be due to the
AFB1 residual deposition in the liver that induced an oxidative
stress, which in turn led to GPx and GST gene down-
regulation.
References
Abdelhamid, A.M., 2008. Thirty years (1978–2008) of mycotoxins
research at faculty of agriculture, Almansoura University, Egypt.
Engormix. com, Mycotoxins Technical Articles, p. 11
Abdelhamid, A.M., Abdelkhalek, A.E., Mehrm, A.I., Khalil, F.F.,
2004. An attempt to alleviate aﬂatoxicosis on Nile tilapia ﬁsh by
dietary supplementations with chicken-hatchery by-products (egg
shells) and shrimp processing wastes (shrimp shells) 2-On clinical,
blood and histological parameters. J. Agric. Sci. Mansoura Univ.
29, 6175–6196.
Abdelhamid, A.M., Mahmoud, K.I., 1996. Elimination or adsorption
of aﬂatoxin from poultry feedstuffs. Proc. Conf. Foodborne
contamination and Egyptian’s Health, Mansoura Univ., 26–27
Nov., pp. 61–69.
Abdelhamid, A.M., El-Mansoury, A.M., Osman, A.I., El-Azab, S.M.,
1999. Mycotoxins as causative for human food poisoning under
Egyptian conditions. J. Agric. Sci. Mansoura Univ. 24, 2751–2757.
Abramoff, M.D., Magelhaes, P.J., Ram, S.J., 2004. Image Processing
with ImageJ. Biophoton. Int. 11, 36–42.
Allameh, A., Safamehr, A., Mirhadi, S.A., Shivazadd, M., Abyanehe,
M.R., Naderia, A.A., 2005. Evaluation of biochemical and
production parameters of broiler chicks fed ammonia treated
afatoxin contaminated maize grains. Anim. Feed Sci. Technol. 122,
289–301.
Almar, M., Otero, L., Santos, C., Gallegho, J.G., 1998. Liver
glutathione content and glutathione-dependent enzymes of two
species of freshwater ﬁshes as bioindicators of chemical pollution.
J. Environ. Sci. Health 33, 769–783.
Adverse effects of aﬂatoxin 57Amlacher, E., 1970. Text Book of Fish Disease. T.E.S. publication,
New Jersey, USA, pp. 117–135.
ATSDR, 2005. Draft Toxicological Proﬁle for Lead. US Department
of health and human services, Atlanta, Georgia, USA, pp. 102–225.
Bancroft, D.J., Cook, C.H., Stirling, R.W., Turer, D.R., 1999. Manual
of Histological Techniques and their Diagnostic Applications.
Churchill Livingstone, Edinburgh, U.K..
Bbosa, G.S., Kitya, D., Odda, J., Ogwal-Okeng, J., 2013. Aﬂatoxins
metabolism, effects on epigenetic mechanisms and their role in
carcinogenesis. Health 5, 14–34.
Begum, F., Rehman, A., Maliha, G., Nuzhat, J., 2001. Distribution of
aﬂatoxin B1 from poultry feed to different body tissues of broilers.
Pak. Vet. J. 21, 121–123.
de Ben Ameur, W., El Megdiche, Lapuente J., Barhoumi, Y., Trabelsi,
B., Camps, S., Serret, L., Ramos-Lo´pez, J., Gonzalez-Linares, D.,
Driss, J., Borra`s M, M.R., 2012. Oxidative stress, genotoxicity and
histopathology biomarker responses in mullet (Mugil cephalus) and
sea bass (Dicentrarchus labrax) liver from Bizerte Lagoon (Tunisia).
Mar. Poll. Bull. 64, 241–251.
Bernabucci, U., Colavecchia, L., Danieli, P.P., Basirico`, L., Lacetera,
N., Nardone, A., Ronchi, B., 2011. Aﬂatoxin B1 and fumonisin B1
affect the oxidative status of bovine peripheral blood mononuclear
cells. Toxicol. In Vitro 25 (3), 684–691.
Bintvihok, A., Thiengnin, S., Doi, K., Kumagai, S., 2002. Residues of
aﬂatoxins in the liver, muscle and eggs of domestic fowls. J. Vet.
Med. Sci. 64, 1037–1039.
Boijink, C.L., Brandao, D.A., Vargas, A.C., Costa, M.M., Renosto,
A.V., 2001. Inoculac¸a˜o de suspensa˜o bacteriana de Plesiomonas
shigelloides em jundia´, Rhamdia quelen (teleostei: pimelodidae).
Cieˆncia Rural 31 (3), 497–501.
Cagauan A.G., Tayaban R.H., Somga J.R. Bartolome R.M., 2004.
Effect of aﬂatoxin-contaminated feeds in Nile tilapia (Oreochromis
niloticus L.). In: Abstract of the 6th International Symposium on
Tilapia in Aquaculture (ISTA 6) Section: Health Management and
Diseases Manila, Philippines. 12–16 September.
Castell, J.D., Tiews, K., 1980. Report of the EIFAC. IUNS and ICES
working group on the standraization of methodology in ﬁsh
nutrition research. Hamburg, Federal Republic of Germany,
EIFAC Technology, 36: 24.
Cheng, W.X., Liang, X.F., Shen, D., Zhou, Q., He, Y., He, S., Li,
G.Y., 2012. Seasonal variation of gut Cyanophyta contents and
liver GST expression of mud carp (Cirrhina molitorella) and Nile
tilapia (Oreochromis niloticus) in the tropical Xiangang Reservoir
(Huizhou, China). Chin. Sci. Bull. 57 (6), 615–622.
Choi, C.Y., An, K.W., An, M.I., 2008. Molecular characterization and
mRNA expression of glutathione peroxidase and glutathione S-
transferase during osmotic stress in olive ﬂounder (Paralichthys
olivaceus). Comp. Biochem. Physiol. 149, 330–337.
Choi, K., Law, M., Harms, C., Lehman, W., 2004. Hypoxia-
reperfusion induced immunocompromise of Tilapia (Oreochromis
niloticus). Aquat. Animal Health 19, 128–140.
Dacie, J.V., Lewis, S.M., 1975. Practical Haematology. Churchill
Livingstone, London.
De Silva, S.S., 2001. A global perspective of aquaculture in the new
millennium. In: Subasinghe, R.P., Bueno, P., Phillips, M.J., Hough,
C., McGladdery, S.E., Arthur, J.R. (Eds.), Aquaculture in the
Third Millennium. Technical Proceedings of the Conference on
Aquaculture in the Third Millennium, Bangkok, Thailand, 20–25
February 2000. pp. 431–459. NACA, Bangkok and FAO, Rome.
Deng, S.X., Tian, L.X., Liu, F.J., Jin, S.J., Liang, G.Y., Yang, H.J.,
Du, Z.Y., Liu, Y.J., 2010. Toxic effects and residue of aﬂatoxinB1
in tilapia (Oreochromis niloticus · O. aureus) during long-term
dietary exposure. Aquaculture 307, 233–240.
Donmez, N., Keskin, E., 2009. The effects of aﬂatoxin and gluco-
mannan on coagulation parameters in rabbits. Veterinarski Arhiv.
79 (6), 555–560.
Donmez, N., Donmez, H.H.D., Keskin, E., Kisadere I., 2012. Effects
of aﬂatoxin on some haematological parameters and protectiveeffectiveness of esteriﬁed glucomannan in Merino rams. Sci World
J. ID342468, 4. doi: 10.1100/2012/342468.
Drabkin, D.W., 1964. Spectrophotometric studies. XIV. The crystal-
lographic and optical properties of man Hbs in comparison with
those of other species. Zh. Biol. Chim. 164, 702–723 (in Russian).
Eppley, R.M., 1968. Screening method for zearalenone, aﬂatoxin and
ochratoxin. J. AOAC 51 (1), 74–78.
Espinoza, H.M., Williams, C.R., Gallagher, E.B., 2012. Effect of
cadmium on glutathione S-transferase and metallothionein gene
expression in coho salmon liver, gill and olfactory tissues. Aquat.
Toxicol. 110–111, 37–44.
FAO, 2004. Worldwide regulations for mycotoxins in food and feed in
2003. Food Nutr. Papers. 81. Food and Agriculture Organization
(FAO).
Fisher, M.A., Mehne, C., Means, J.C., Ide, C.F., 2006. Induction of
CYP1A mRNA in carp (Cyprinus carpio) from the Kalamazoo
River polychlorinated biphenyl-contaminated superfund site
and in a laboratory study. Arch. Environ. Contam. Toxicol.
50 (1), 14–22.
Fitzsimmons, K., 2013. Latest trends in tilapia production and marker
worldwide. Rio de Janeiro, Brazil.
Gabriel, U.U., George, A.D.I., 2005. Plasma enzymes in Clarias
gariepinus exposed to chronic levels of Round up. Environ. Ecol. 23
(2), 271–276.
Hagerstrand, I., 1975. Distribution of alkaline phosphatase activity in
healthy and diseased human liver tissue. Acta Path. Microbiol.
Scand. 83, 526.
Halliwell, B., Gutteridge, J.M.C., 1999. Free Radicals in Biology and
Medicine. Oxford University Press, Oxford, USA.
Hayes, J.D., McLellan, L.I., 1999. Glutathione and glutathione-
dependent enzymes represent a coordinately regulated defense
against oxidative stress. Free Rad. Res. 31, 273–300.
Htun-Han, M., 1978. The reproductive biology of the dab Limanda
limanda (L) in the North Sea; gonadosomatic index; hepatosomatic
index and condition factor. J. Fish Biol. 13, 369–378.
Jenkins, F., Smith, J., 2003. Effect of sublethal concentrations of
endosulfan on hematological and serum biochemical parameters in
the carp, Cyprinus carpio. Bull. Environ. Contam. Toxicol. 70, 947–
993.
Jiang, Y., Jolly, P.E., Ellis, W.O., Wang, J.S., Phillips, T.D., Williams,
J.H., 2005. Aﬂatoxin B1 albumin adduct levels and cellular immune
status in Ghanaians. Int. Immunol. 17, 807–814.
Kenawy, A.M., El-Genaidy, H.M., Authman, M.M.N., Abdel-
Wahab, M.A., 2009. Pathological studies on effects of aﬂatoxin
on Oreochromis niloticus with application of different trials of
control. Egypt. J. Comp. Path. Clinic. Path. 22 (1), 175–193.
Kheir Eldin, A.A., Motawi, T.M.K., Sadik, N.A.H., 2008. Effect of
some natural antioxidants on aﬂatoxin B1-induced hepatic toxicity.
EXCLI J. 7, 119–131.
Kosalec, I., Pepeljnjak, S., 2005. Mycotoxigenicity of clinical and
environmental Aspergillus fumigatus and Aspergillus ﬂavus isolates.
Acta Pharma. 55 (4), 365–375.
Kotan, E., Alpsoy, L., Anar, M., Aslan, A., Agar, G., 2011. Protective
role of methanol extract of Cetraria islandica (L.) against oxidative
stress and genotoxic effects of AFB1 in human lymphocytes
in vitro. Toxicol. Ind. Health 27, 599–605.
Kovacs, M., 2004. Nutritional health aspects of mycotoxins. Orv.
Hetil. 145 (34), 1739–1746.
Kurtzman, C.P., Horn, B.W., Hesseltine, C.W., 1987. Aspergillus
nomius, a new aﬂatoxin-producing species related to Aspergillus
ﬂavus and Aspergillus tamarii. Antonie Van Leeuwenhoek 53, 147–
158.
Lewis, L., Onsongo, M., Njapau, H., Schurz-Rogers, H., Luber, G.,
Kieszak, S., Nyamongo, J., Backer, L., Dahiye, A.M., Misore, A.,
DeCock, K., Rubin, C., 2005. Aﬂatoxin contamination of com-
mercial maize products during an outbreak of acute aﬂatoxicosis in
eastern and central Kenya. Environ. Health Perspect. 113, 1763–
1767.
58 M.E. Mahfouz, A.H. SherifLi, G., Liang, X., Yao, W., Liao, W., Zhu, W., 2008. Molecular
characterization of glutathione peroxidase gene from the liver of
silver carp, bighead carp and grass carp. BMB Rep. 41 (3), 204–
209.
Lovell, R.T., 1992. Mycotoxins: hazardous to farmed ﬁsh. Feed Int. 13
(3), 24–28.
Lovell, R.T., 2001. Nutrition and Feeding of Fish, second ed. Haworth
Press, New York, pp. 24–28. ISBN: 9780412077012.
Lucky, Z., 1977. Methods for Diagnosis of Fish Disease. Amerind
Publishing Co., New York.
Ma, Q.G., Gao, X., Zhou, T., Zhao, L.H., Fan, Y., Li, X.Y., Lei, Y.P.,
Ji, C., Zhang, J.Y., 2012. Protective effect of Bacillus subtilis
ANSB060 on egg quality, biochemical and histopathological
changes in layers exposed to aﬂatoxin B1. Poult. Sci. 91 (11),
2852–2857.
Mahfouz, M.E., 2015. Ameliorative effect of curcumin on aﬂatoxin
B1-induced changes in liver gene expression of Oreochromis
niloticus. Mol. Biol. 49 (2), 275–286.
Manaﬁ, M., Hedayati, M., Yari, M., 2014. Aﬂatoxicosis and herbal
detoxiﬁcation: the effectiveness of thyme essence on performance
parameters and antibody titers of commercial broilers fed aﬂatoxin
B1. Res. Zool. 4 (2), 43–50.
Mohapatra, S., Sahu, N.P., Pal, A.K., Prusty, A.K., Kumar, V.,
Kumar, S., 2011. Haemato-immunology and histo-architectural
changes in Labeo rohita ﬁngerlings: effect of dietary aﬂatoxin and
mould inhibitor. Fish Physiol. Biochem. 37, 177–186.
Nguyen, A.T., Grizzle, J.M., Lovell, R.T., Manning, B.B.,
Rottinghaus, E.G., 2002. Growth and hepatic lesions of Nile
tilapia Oreochromis niloticus fed diets containing aﬂatoxin B1.
Aquaculture 212, 311–319.
Palanivelu, V., Vijayavel, K., Balasubramanian, S.E.,
Balasubramanian, M.P., 2005. Inﬂuence of insecticidal derivative
(Cartap Hydrochloride) from the marine polychaete on certain
enzyme systems of the freshwater ﬁsh Oreochromis mossambicus.
J. Environ. Biol. 26, 191–196.
Radhika, G., 2006. Aﬂatoxicosis and its amelioration in black tiger
shrimp, Penaeus monodon Fabricius (Ph.D. thesis). Cochin
University of Science and Technology, Cochin.
Raghavan, P.R., Zhu, X., Lei, W., Han, D., Yang, Y., Xie, S., 2011.
Low levels of aﬂatoxin B1 could cause mortalities in juvenile hybrid
sturgeon, Acipenser ruthenus # · A. baeri $. Aquacult. Nutr. 17,
e39–e47.
Raju, M.V.L.N., Devegowda, G., 2000. Inﬂuence of esteriﬁed-gluco-
mannan on performance and organ morphology, serum biochem-
istry and haematology in broilers exposed to individual and
combined mycotoxicosis (aﬂatoxin, ochratoxin and T-2toxin). Br.
Poult. Sci. 41 (5), 640–650.
Ravinayagam, V., Jaganathan, R., Panchanadham, S., Palanivelu, S.,
2012. Potential antioxidant role of Tridham in managing oxidative
stress against aﬂatoxin-B1-induced experimental hepatocellular
carcinoma. Int. J. Hepatol. 2012, 428373.
Rec, G.S., 1972. Determination of alkaline phosphatase. J. Clin.
Chem. Clin. Biochem. 10, 182.
Reitman, S., Frankel, S., 1957. Determination of AST and ALT in
serum. Am. J. Clin. Pathol. 28, 56–68.
Ren, Q., Sun, R., Zhao, X., Wang, J., 2009. A selenium-dependent
glutathione peroxidase (Se-GPx) and two glutathione S-trans-
ferases (GSTs) from Chinese shrimp (Fenneropenaeus chinensis).
Comp. Biochem. Physiol. 149 (4), 613–623.
Rios, V., Guzma´n-Guille´n, R., Moreno, I.M., Prieto, A.I., Puerto, M.,
Jos, A., Camea´n, A.M., 2014. Inﬂuence of two depuration periods
on the activity and transcription of antioxidant enzymes in Tilapia
exposed to repeated doses of cylindrospermopsin under laboratory
conditions. Toxins (Basel) 6 (3), 1062–1079.
Rizkalla, E.H., Zahra, M.H., Deab, A., Farag, M.F., 1997.
Hematological responsiveness of Oreochromis aureus to dietary
aﬂatoxins contamination and the role of selenium and vitamin E.
Alex. J. Vet. Sci. 13 (4), 423–438.Roebuck, B.D., 2004. Hyperplasia, partial hepatectomy, and the
carcinogenicity of aﬂatoxin B1. J. Cell. Biochem. 91, 243–249.
Ruas, C.B.G., Carvalho, C.S., Araujo, H.S.S., Espindola, E.L.G.,
Fernandes, M., 2008. Oxidative stress biomarkers of exposure in
the blood of cichlid species from a metal contaminated river.
Ectoxicol. Environ. Saf. 71, 86–93.
Santacroce, M.P., Conversano, M.C., Casalino, E., Lai, O., Zizzadoro,
C., Centoducati, G., Crescenzo, G., 2008. Aﬂatoxins in aquatic
species: metabolism, toxicity and perspectives. Rev. Fish Biol.
Fisheries 18, 99–130.
Schaperclaus, W., Kulow, H., Schreckenbach, K., 1992. Fish diseases,
Vol. I. A.A. Balkema/Rotterdam, septicemia of ﬁsh, Fish Dis.
Leaﬂet 68(1–24).
Selim, K.M., El-hofy, H., Khalil, R.H., 2013. The efﬁcacy of three
mycotoxin adsorbents to alleviate aﬂatoxin B1-induced toxicity in
Oreochromis niloticus, Aquacult. Int. doi: 10.1007/s10499-013-
9661-6.
Sepahdari, A., Ebrahimzadeh Mosavi, H.A., Sharifpour, I., Khosravi,
A., Motallebi, A.A., Mohseni, M., Kakoolaki, S., Pourali, H.R.,
Hallajian, A., 2010. Effects of different dietary levels of AFB1 on
survival rate and growth factors of Beluga (Huso huso) Iran. J.
Fish. Sci. 9 (1), 141–150.
Shivachandra, S.B., Sah, R.L., Singh, S.D., Kataria, J.M.,
Manimaran, K., 2003. Immunosuppression in broiler chicks fed
aﬂatoxin and inoculated with fowl adenovirus serotype-4 (FAV-4)
associated with hydropericardium syndrome. Vet. Res. Commun.
27, 39–51.
Singh, D., Nath, K., Trivedi, S.P., Sharma, Y.K., 2008. Impact of
copper on haematological proﬁle of freshwater ﬁsh, Channa
punctatus. J. Environ. Biol. 29 (2), 253–257.
Sivanesan, D., Hazeena Begum, V., 2014. Antioxidant potential of
Aegle marmelos leaves against aﬂatoxin B1 induced liver toxicity in
rats. Chem. Sci. Trans. 3 (2), 791–795.
Smith, I.R., Pullin, R.S.V., 1984. Tilapia production booms in the
Philippines. ICLARMÆNewsletter, 7(1), 7–9.
Stoskoph, M.K., 1993. Bacterial diseases of fresh water tropical ﬁshes.
In: Stoskoph, M.K. (Ed.), Fish Medicine. Philadelphia, W.P,
Saunders Company, pp. 559–562.
Tacon, A., 1987. The nutrition and feeding of farmed ﬁsh and shrimp:
A training manual. Project GCP/RLA/075/ITA, FAO Field
Document, 5/E:129p. Brasilia: FAO.
Teh, S.J., Adams, S.M., Hinton, D.E., 1997. Histopathological
biomarkers in feral fresh water ﬁsh populations exposed to
different types of contaminant stress. Aquat. Toxicol. 37,
51–70.
The World Bank, 2014. Fish farms to produce nearly two thirds of
global food ﬁsh supply by 2030, report shows. February 5, 2014,
<http://www.worldbank.org/en/news/press-release/2014/02/
05/ﬁsh-farms-global-food-ﬁsh-supply-2030>.
Thophon, S., Kruatrachue, M., Upatham, E.S., Pokethitiyook, P.,
Sahaphong, S., Jaritkhuan, S., 2003. Histopathological alterations
of white sea bass, Lates calcarifer in acute and subchronic cadmium
exposure. Environ. Pollut. 121, 307–320.
Tuan, N.A., Grizzle, J.M., Lovell, R.T., Manning, B.B., Rottinghaus,
G.E., 2002. Growth and hepatic lesions of Nile tilapia
(Oreochromis niloticus) fed diets containing aﬂatoxin B1.
Aquaculture 212, 311–319.
Tu¨rkez, H., Dirican, E., Aydın, E., Tog˘ar, B., C¸elik, K., 2011.
Dermatocarpon intestiniforme (A Lichen) modulates aﬂatoxin B1
induced gene and oxidative damage in vitro. J. Biol. Environ. Sci. 5
(14), 57–61.
Unnevehr, L., Grace, D., 2013. Aﬂatoxins: ﬁnding solutions for
improved food safety. IFPRI 2020 Focus Brief 20. IFPRI,
Washington, DC.
Usanno, O., Chaisilapasung, S., Sukrakanchana, N., Supamattaya, K.,
2005. Effects of aﬂatoxin B1 on sex reversed red tilapia (Oreochromis
niloticus Linn. ·O. mossambicus Peters) Songklanakarin. J. Sci.
Technol. 27 (Suppl. 1), 187–197.
Adverse effects of aﬂatoxin 59Varior, S., Philip, B., 2012. Aﬂatoxin B1 induced alterations in the
stability of the lysosomal membrane in Oreochromis mossambicus
(Peters 1852). Aquat. Res. 43 (8), 1170–1175.
Verma, J., Johri, T.S., Swain, D.B.K., Ameena, S., 2004. Effect of
graded levels of aﬂatoxin and their combination on the perfor-
mance and immune response of broilers. Br. Poult. Sci. 45,
512–518.
Wang, F., Shu, G., Peng, X., Fang, J., Chen, K., Cui, H., Chen, Z.,
Zuo, Z., Deng, J., Geng, Y., Lai, W., 2013. Protective effects of
sodium selenite against aﬂatoxin B1-induced oxidative stress and
apoptosis in broiler spleen. Int. J. Environ. Res. Public Health 10,
2834–2844.
Wild, C.P., Gong, Y.Y., 2010. Mycotoxins and human disease:
a largely ignored global health issue. Carcinogenesis 31 (1),
71–82.
Witeska, M., 2003. The effects of metals (Pb, Cu, Cd, and Zn) on
hematological parameters and blood cell morphology of common
carp. Rozprawa naukowa nr 72, Wydawnictwo Akademii
Podlaskiej Siedlce (In Polish).
Yarru, L.P., Settivari, R.S., Antoniou, E., Ledoux, D.R., Rottinghaus,
G.E., 2009. Toxicological and gene expression analysis of theimpact of aﬂatoxin B1 on hepatic function of male broiler chicks.
Poult. Sci. 88, 360–371.
Yu, J., 2012. Current understanding on aﬂatoxin biosynthesis and
future perspective in reducing aﬂatoxin contamination. Toxins 4,
1024–1057.
Zheng, B., Lei, K., Liu, R., Song, S., An, L., 2014. Integrated
biomarkers in wild crucian carp for early-warning water quality in
Hun River, North China. J. Environ. Sci. 26 (4), 909–916.
Zychowski, K.E., Hoffmann, A.R., Ly, H.J., Pohlenz, C., Buentello,
A., Romoser, A., Gatlin, D.M., Phillips, T.D., 2013. The effect of
aﬂatoxin-B1 on Red Drum (Sciaenops ocellatus) and assessment of
dietary supplementation of NovaSil for the prevention of aﬂatox-
icosis. Toxins 5, 1555–1573.
Further reading
Pachanawan, A., Phumkhachorn, P., Rattanachaikunsopon, P., 2008.
Potential of Psidium guajava supplemented ﬁsh diets in controlling
Aeromonas hydrophila infection in tilapia (Oreochromis niloticus). J.
Biosci. Bioeng. 106 (5), 419–424.
